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ABSTRACT  
 
Influence of synthesis temperature and reaction time on structural and optical 
properties of ZnO nanoparticles synthesized by hydrothermal method was 
investigated using X-ray diffraction (XRD), high resolution transmission electron 
microscopy (HR-TEM), energy-dispersive X-ray (EDX), Fourier transform infrared 
spectroscopy (FT-IR), and UV-visible and fluorescence spectroscopy. The XRD 
pattern and HR-TEM images confirmed the presence of crystalline hexagonal wurtzite 
ZnO nanoparticles with average crystallite size in the range 30-40 nm. Their energy 
gap determined by fluorescence was found to depend on the synthesis temperature 
and reaction time with values in the range 2.90-3.78 eV. Thermal analysis, 
thermogravimetric (TG) and the differential scanning calorimetry (DSC) were used to 
study the thermal reactions and weight loss with heat of the prepared ZnO 
nanoparticles.  
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1. Introduction 
Metal oxide nanoparticles, due to their distinctive properties (optical, electrical, and 
magnetic), are applied in many areas including energy storage, sensors, optics, 
coatings, piezoelectric, and biotechnology [1-3]. Zinc oxide nanoparticles are an 
important class of metal oxide materials, because of their unique physical, electrical, 
chemical, optical, biological and medical properties. They are suitable for many 
applications such as solar cells, ultraviolet photodiodes, catalyst, semiconductors, gas 
sensors, piezoelectric devices, coatings, antibacterial and medical [4-7]. In addition, 
due to their resistance to the UV-radiation [8] and antimicrobial properties [9] they 
are used in transparent UV-protection films and as a UV-filter in sunscreens, and in 
the process of canning food lining, respectively. Recently, ZnO nanoparticles 
achieved an effective presence in biomedical and agricultural soils applications [10-
12].   
Many methods have been used to synthesize various ZnO nanostructures, which 
include physical vapor deposition, chemical vapor deposition, thermal decomposition 
and thermal evaporation process [13-15]. These techniques are complex, have a high 
cost, and require high temperatures. Hydrothermal method is considered as a 
distinctive alternative method in the fabrication of nanomaterials because it is a 
process which involves low temperature, simple equipment usage, low cost, and is 
environmental friendly. Additionally, it has a good control on particles size, structure 
and morphology of the products. It has been applied to prepare ZnO nanoparticles and 
other luminescent materials [16-20].    
The aim of the present work was to prepare ZnO nanoparticles using hydrothermal 
method and study the influence of reaction time and reaction temperature on their 
properties. The structure and morphology of the obtained nanostructure product was 
characterized by using several analysis techniques. 
2. Experimental  
2.1 Materials  
In ZnO nanoparticles synthesis, Zinc acetate di-hydrate [Zn(Ch3COO)2.2H2O 98%] 
and sodium hydroxide [NaOH 98%] were used. All the commercially purchased 
materials were used as received without further purification.  
2.2 ZnO nanoparticles synthesis 
Hydrothermal technique has the ability to prepare nanomaterials with high quality and 
low cost. In this work, the ZnO nanoparticles were synthesized by a modified 
hydrothermal method [1,21-22]. The reactions involved in the synthesis process of 
ZnO nanoparticles can be described through the following [1]: 
          Zn(CH3COO)2.2H2O + 2NaOH → Zn(OH)2 + 2CH3COONa +2H2O           (1)          
          Zn(OH)2 + 2H2O = Zn
2+ + 2OH- + 2H2O = [Zn(OH)4]
2                                 (2) 
          [Zn(OH)4]
2–↔ ZnO2-2 +2H2O                                                                         (3) 
          ZnO2
-2 +2H2 O ↔ZnO + 2OH−                                                                                                          (4)                                            
  
The procedure of the formation of ZnO nanoparticles includes two main steps. Firstly, 
is the nucleation (generation of ZnO nuclei), and secondly is the grain growth (ZnO 
crystal growth) [1,21-22]. In equation (1), zinc acetate dissolves into Zn(OH)2 due to 
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alkali solution effect. Zn(OH)2 precipitates with the hydrothermal conditions dissolves 
into Zn2+ and OH− ions (equation 2). When Zn2+ and OH− ions formation exceeds a 
critical value, which is necessary for the formation of ZnO crystals (supersaturation 
degree) (equation 3), ZnO begins to nucleate and the crystal growth begins (equation 
4) [1,21-22].    
In typical synthesis, 0.1 Mole (M) of Zinc acetate di-hydrate was dissolved in distilled 
water and 0.4 M of sodium hydroxide was dissolved in distilled water. The NaOH 
solution was poured at a slow rate into the Zinc acetate solution at 75oC under 
continuous stirring. After 2 hours of stirring the mixture was moved to a Teflon lined 
stainless steel autoclave and maintained at a temperature of 150 oC for 8 hrs. The 
autoclave was allowed to cool to room temperature naturally. After the completion of 
the reaction, the produced white precipitate was separated by centrifuge and washed 
many times by ethanol and distilled water, and then dried in air in an oven at 75 oC for 
6 hrs. The same procedure was followed for the preparation of samples at 12, 16, 20 
and 24 hrs. To study the effect of reaction temperature, the autoclave was maintained 
at different temperatures 100, 125, 175, and 200 oC for 12 hrs.  
2.3 Characterization 
X-ray diffraction patterns were recorded for the prepared nanoparticles to determine 
the crystal phase and estimate the crystallite size. The crystalline structures of the 
synthesized powders were analyzed by X-ray diffractometry (X’Pert PRO, 
PANalytical, Netherlands) using Cu-Kα radiation in the angular region of (20o - 70o) 
at 40 kV. The crystallite size (D) and the lattice strain were estimated using the 
Scherer's equation and Williamson-Hall method. The elemental analysis was 
performed by energy-dispersive X-ray (EDX) instrument (JEOL, JEMA 2100-Japan) 
at 10 kV. The morphology of the obtained ZnO nanoparticles was characterized with 
high resolution transmission electron microscope (HR-TEM), (JEOL, JEMA 2100-
Japan), performed at 200 kV. Fourier transform infra-red (FTIR) spectra was carried 
out using (FTIR Perkin Elmer-Spectrum One) at range 400-4000 cm-1 with a 
resolution of 4 cm-1 at room temperature. For the optical measurements, JASCO 6700 
UV-VIS-NIR spectrophotometer was used in UV–visible absorption analysis. 
Fluorescence measurements were taken under ambient conditions and at room 
temperature by using JASCO 8600 fluorescence spectrophotometer (λexc=365 nm). 
Thermal analysis was done using LINSEIS STA PT-1000 to study the thermal 
stability of ZnO nanoparticles. Approximately, 25 mg of the samples were used and 
the heating rate was 10 °C/min up to 800 °C. 
3. Results and Discussion 
3.1 X-ray diffraction (XRD) studies 
Figure 1 (a, b) illustrates a typical XRD spectrum of ZnO nanoparticles synthesized 
by hydrothermal method under different times 8, 12, 16, 20 and 24 hrs (Fig.1a), and 
different reaction temperatures 100, 125, 150, 175, and 200 oC (Fig.1b). The XRD 
spectra indicate that the ZnO nanoparticles have a hexagonal structure, with lattice 
constants (a = b = 0.3251 nm) and (c = 0.5212 nm) as in standard JCPDS data (No. 
36-1451). The XRD pattern does not contain any particular peaks other than ZnO 
peaks which means that the dominant phase is hexagonal ZnO nanoparticles. Sharp 
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and intense peaks observed from XRD patterns (Figs.1a, b) confirm that the prepared 
ZnO nanoparticles is of high crystalline nature with hexagonal phase. 
The average crystallite size, D, has been obtained from the main diffraction peak 
along the (101) plane using the Debye–Scherrer formula [1] as follows: 
                          D = 0.9 λ /β cosθ                                        (5) 
where, λ is the wavelength of X-ray used (1.54060 Å), β is the angular peak width at 
half maximum in radians and θ is Bragg’s diffraction angle. From the recorded XRD 
pattern, the synthesized ZnO nanoparticles are listed as wurtzite hexagonal closely 
packed structure and its lattice constants a and c were determined from the following 
equation using the interplanar distance d and (hkl) values of the XRD profile [23], 
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Table 1 shows the calculated lattice parameters, which are matched to those available 
in standard JCPDS data (No. 36-1451). To estimate the crystallite size and the lattice 
strain, an inspection of the shape of the diffraction peaks was performed using 
Williamson-Hall (WH) method (Equation 7). WH calculations procedure is carried 
out for every peak obtained in the XRD spectra of the ZnO nanoparticles. The full 
width at half maximum (FWHM), β, is related to the crystallite size, D, and the strain, 
ε, by equation 7: 
  
                               β* =d*ε + 1/D                                       (7) 
where β*= β cos θ /λ and d*= 4 sinθ/λ; θ is the Bragg angle and λ is the wavelength used. 
From Eq. (7), the intercept and the slope of the plot of β*against d* give 1/D and the 
strain [24-25], respectively. Table 1 shows crystallite size values for the prepared samples 
estimated by Scherer and Williamson-Hall methods. From the XRD calculations, it is 
obvious that the average crystallite size slightly increases with the increase of the reaction 
time and synthesis temperature (see Fig. 2a, b). This may be due to increasing of 
nucleation and growth rate of nanoparticles [23]. From table 1, it is clear that the 
crystallite size calculated from XRD data using Debye–Scherrer equation is smaller than 
crystallite size determined from Williamson–Hall method. This may be due to the fact 
that the Scherrer method actually measures the coherence length of the X-rays, any 
crystal imperfections will cause the calculated size to be smaller than the true size but in 
WH method the microstrain effect was taken into consideration [26].  
The dislocation density (concentration of defects and vacancies in the crystal), S, can be 
determined from the following equation by using the crystallite size (D) [23]: 
 S = 1/D2 (8) 
From Table 1, it can be seen that S changes with different values of time and 
temperature, which means that the lattice imperfection decreases with particle size. 
Also, the micro-strain of the samples changes with time and temperature, which may 
be attributed to the change in microstructure, size, shape and defects of the particles 
[27].  
  
3.2 Energy-dispersive X-Ray (EDX) 
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Figure 3 (a, b) shows the EDX spectrum of ZnO nanoparticles synthesized by 
hydrothermal method with different reaction times and different temperatures. Similar 
spectra were obtained for all the prepared samples, only two spectra are shown here (S1 
and S8). The strong peaks shown in the spectra, referred to zinc and oxygen elements, 
indicate that the synthesized nanoparticles have Zn and O elements only. 
3.3. Transmission electron microscope analysis 
HR-TEM was carried out to investigate the shape and size of the synthesized ZnO 
nanoparticles. Figure 4 (S1-S10) shows the HR-TEM images of prepared ZnO 
nanoparticles with different reaction times 8, 12, 16, 20 and 24 hrs and reaction 
temperatures 100, 125, 150, 175, and 200 oC. The reaction time and synthesis 
temperature affect the shape and size of the obtained ZnO nanoparticles. The particles 
with spherical-like shape were observed in S1 and S6 only. With increasing the 
reaction time and temperature spherical-like and rods shapes of ZnO nanoparticles 
were obtained due to the increase of the growth rate. As the reaction time and 
temperature increased, nearly all the ZnO nanoparticles appeared in clusters of 
nanorods shape due to smaller nanoparticles coalescing and forming larger particles, 
i.e. clusters. From the HR-TEM images the average size of the ZnO nanoparticles is 
in the range of 30-40 nm, which agree with the size determined from XRD data. 
3.4 Fourier transform infra-red (FT-IR) analysis 
Figures 5 (a) and 5 (b) display results of FT-IR analysis for prepared ZnO 
nanoparticles at different times and temperatures, respectively. A group of absorption 
peaks observed in the range of 4,000 to 400 cm-1 represents the vibration modes of 
contaminations such as hydroxyl, carboxyl found in the prepared nanoparticles. The 
absorption bands at (3433-3413 cm-1) represent O–H stretching vibration. Peaks 
recorded between (1,626 and 1,581 cm-1) are probably from C=O band. The 
absorption peaks at (1,410–1,435 cm-1) represent the carboxylate group (COO-). The 
peaks around (1,021–1,028 cm-1) confirm the stretching vibration of C–O attributed to 
zinc acetate. In the infra-red region, characteristic Zn–O stretching mode was found 
between (418 and 571 cm-1). The difference in wavenumber may be attributed to the 
difference in particle sizes of prepared samples [7,23,28-29]. 
3.5 Optical properties of ZnO nanoparticles 
Figures 6 (a) and 6 (b) show the optical absorption and transmittance spectra of the 
prepared samples at near normal incidence over a spectral ranging between 200 and 
800 nm for different times and temperatures, respectively. The direct optical band gap 
with direct transition can be calculated using the relation: 
                      αhγ = B (hγ - Eg)1/2                       (9) 
 
where hγ is the photon energy and B is a constant that depends on the transition 
probability, α is the absorption coefficient and Eg is the optical band gap. As shown in 
Figure 7 (a, b) the energy gap (Eg) can be estimated from the plot hγ against (αhγ)2. 
The values of Eg are in the range (2.90-3.62 eV) and depend the reaction times and 
reaction temperatures (Table 2). These obtained values are different from that of the 
bulk ZnO (3.37eV). This blue shift may be attributed to quantum confinement effects 
in the prepared zinc oxide samples [20, 23]. 
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From Fig.7, it can be noticed that with increasing the reaction time and reaction 
temperature, the band gap value decreases due to the increase of the crystallite size. 
This confirms that the above behavior may be due to increasing of nucleation and 
growth rate of nanoparticles [23]. 
3.6 Fluorescence Spectra of ZnO Nanoparticles 
Figures 8(a) and 8(b) show fluorescence spectra of ZnO nanoparticles synthesized 
under different reaction times and temperatures, respectively. Each curve reveals that 
the PL intensity decreases with reaction times and temperatures. The observed 
dominant narrow UV emission band peak at 417 nm originates from the near-band-
edge transition and its intensity decreases with increasing particle size of ZnO 
nanoparticles. The tail-band violet emission at 445 nm is attributed to the presence of 
zinc interstitials (Zni). Exciton recombination between the electrons at the zinc 
interstitials and valence band holes leads to this violet emission. This type of violet 
emission band was also observed by others [23,30]. The broad-band green emission at 
530 nm is assigned to the recombination of electrons trapped at vacancy defects [31-
33]. The fluorescence spectrum confirms that the type of emissions from the ZnO 
nanoparticles, whether UV (or) violet is affected by the time and temperature of the 
reaction. In addition, the violet and green bands confirm that the samples contain ZnO 
nanoparticles [30,34-35]. 
3.7 Thermal analysis spectra 
Figure 9 (a, b) shows the thermogravimetric (TG) analysis of ZnO nanoparticles. 
From the figure, it can be seen that there is no significant weight loss observed for 
all samples (approximately 10%). This may be due to the evaporation of water and the 
removal and decomposition of organic groups found in the samples during the 
hydrothermally synthesis [36-39]. Furthermore, no significant loss of weight was 
observed from the samples above 750 oC. 
Figures 10(a) and 10(b) show the differential scanning calorimetry (DSC) of ZnO 
nanoparticles under different reaction times and temperatures, respectively. Two 
peaks are observed, the first one occurs at around 150 oC and is weak.  This peak can 
be attributed to an activation energy involving an endothermic reaction. The second 
peak around 400 oC is a broad, which suggests an exothermic reaction that may be 
due to the burn-out of organic composition. It is worth pointing out that both peaks 
are due to change of phases at those temperatures [36-39]. 
4. Conclusions  
ZnO nanoparticles have been synthesized by using modified hydrothermal method at 
different reaction times and synthesis temperatures. The results confirmed that 
reaction time and synthesis temperature have an influence in the structure and optical 
properties of ZnO nanoparticles. XRD studies established the presence of the wurtzite 
hexagonal structure, and showed that the average crystallite size slightly increases 
with the increase of the reaction time and synthesis temperature. HR-TEM images 
showed that the average size of the ZnO nanoparticles is in the range of 30-40 nm, 
which is in a good agreement with the size determined by XRD. UV–Vis spectra 
indicate that with increasing the reaction time and reaction temperature, the band gap 
value decreases due to the increase of the crystallite size. The fluorescence spectra 
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confirm that the type of emissions from the ZnO nanoparticles, is affected by the time 
and temperature of the reaction. TG analysis of the ZnO nanoparticles showed that no 
significant loss of weight was observed above 750 oC for all prepared samples. DSC 
of ZnO samples under different times and temperatures indicates endothermic 
reactions and exothermic reactions which are due to change of phases at those 
temperatures. 
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Figures 
 
Fig. 1a XRD spectrum of ZnO nanoparticles under different reaction times 8, 12, 
16, 20 and 24 hrs. 
 
 
Fig.1b XRD spectrum of ZnO nanoparticles under different synthesis 
temperatures 100, 125, 150, 175, and 200 oC. 
 
 
Fig. 2: Crystallite size as a function of (a) reaction time and (b) synthesis 
temperature.  
Figure
2 
 
 
 
 
 
 
 
 
 
 
Fig.3 EDX spectra of ZnO nanoparticles prepared at (a) 8 hours and (b) 150 oC. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 HR-TEM images of prepared ZnO nanoparticles synthesized at 
various reaction times (S1-S5) and various temperatures (S6-S10). 
3 
 
 
Fig. 5 FT-IR spectra of ZnO nanoparticles synthesized at  
(a) various reaction times and (b) various temperatures. 
 
Fig. 6a Absorbance and transmittance spectra of ZnO nanoparticles synthesized 
at different times. 
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Fig. 6b Absorbance and transmittance spectra of ZnO nanoparticles synthesized 
at different temperatures. 
 
 
 
Fig. 7a Plots of hγ against (αhγ)2 of ZnO nanoparticles synthesized at different 
reaction times. 
 
Fig. 7b Plots of hγ against (αhγ)2 of ZnO nanoparticles synthesized at different 
temperatures. 
5 
 
 
Fig. 8a Fluorescence spectra of the ZnO nanoparticles synthesized at different 
times. 
 
Fig. 8b Fluorescence spectra of the ZnO nanoparticles synthesized at different 
temperatures. 
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Fig. 9a TG curves of ZnO nanoparticles synthesized at different times. 
 
Fig. 9b TG curves of ZnO nanoparticles synthesized at different temperature 
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Fig. 10a DSC of ZnO nanoparticles synthesized at different times.  
 
 
Fig. 10b DSC of ZnO nanoparticles synthesized at different temperature 
Tables 
 
Table 1. The characteristics of the ZnO nanoparticles synthesized at various time 
and temperature values. 
NO. Factor 
2θ(101),
(o) 
FWHM
, (rad), 
(10-2) 
D (nm) 
d,  
(nm) 
a 
 (nm) 
c, 
(nm) 
S 
(10-3) 
ε, (10-3) 
Scherer WH 
S1 8 h 36.285 0. 4662 31.30 48.14 0.2475 0.3249 0.5205 1.02 1.1075 
S2 12 h 36.307 0. 4698 31.06 61.1 0.2475 0.3249 0.5205 1.04 1.1161 
S3 16 h 36.288 0.4388 33.25 44.7 0.2475 0.3249 0.5205 0.90 1.0424 
S4 20 h 36.329 0.3812 38.28 48.56 0.2475 0.3249 0.5205 0.68 0.9055 
S5 24 h 36.282 0.4168 35.01 48.76 0.2475 0.3249 0.5205 0.82 0.9902 
S6 100 oC 36.264 0.5402 27.02 31.68 0.2475 0.3249 0.5205 1.37 1.2831 
S7 125 oC 36.256 0.5248 27.80 34.48 0.2476 0.3250 0.5207 1.29 1.2468 
S8 150 oC 36.264 0.4388 33.12 44.27 0.2475 0.3249 0.5205 0.90 1.0424 
S9 175 oC 36.256 0.4897 29.79 44.02 0.2476 0.3250 0.5207 1.13 1.1635 
S10 200 oC 36.265 0.4157 35.10 50.99 0.2475 0.3249 0.5205 0.81 0.9875 
 
 
Table 2. Band gap values estimated for different reaction times and 
temperatures. 
Time, hrs. Eg, eV  Temperature, oC Eg, eV 
8 3.62 100 3.60 
12 3.40 125 3.38 
15 3.26 150 3.28 
20 3.13 175 3.18 
24 2.90 200 2.91 
 
Table
